Commonly, kinematic PPP techniques employ un-differenced ionosphere-free linear combination of GPS observations. This, however, may not provide continuous solution in urban areas as a result of limited satellite visibility. In this paper, the traditional un-differenced as well as between-satellite single-difference (BSSD) ionosphere-free linear combinations of GPS and GLONASS measurements are developed. Except GLONASS satellite clock products, the final precise GPS and GLONASS satellites clock and orbital products obtained from the multi-GNSS experiment (MGEX) are used. The effects of ocean loading, earth tide, carrier-phase windup, sagnac, relativity, and satellite and receiver antenna phase-center variations are rigorously modeled. Extended Kalman filter (EKF) is developed to process the combined GPS/GLONASS measurements. A comparison is made between three kinematic PPP solutions, namely standalone GPS, standalone GLONASS, and combined GPS/ GLONASS solutions. In general, the results indicate that the addition of GLONASS observations improves the kinematic positioning accuracy in comparison with the standalone GPS PPP positioning accuracy. In addition, BSSD solution is found to be superior to that of the traditional un-differenced model.
Introduction
Precise point positioning (PPP) can potentially achieve centimeter-and decimeter-level accuracy in static and kinematic modes, respectively, depending on the number and geometry of visible GPS satellites, and quality of observations. This, however, may not be the case in urban areas, as the satellite visibility may be limited. To overcome this limitation, we propose to combine the observation of GPS and GLONASS systems. The additional GLNOASS observations are expected to enhance the PPP accuracy and solution availability, especially in dense urban areas where, in general, no sufficient number of GPS satellites are visible.
We take advantage of the full GLONASS constellation and the availability of precise orbital and clock products produced by number of organizations, such as International GNSS Service (IGS). However, the difference between signal structures of the two systems is still creating some difficulties in the combined model implementation. Fortunately, Russia is planning to add Code Division Multiple Access (CDMA) signals to the Frequency Division Multiple Access (FDMA) used in the current GLONASS satellites signals, which facilitate and improve the combined use of GPS and GLONASS ( [1] ). In addition, some researchers developed PPP models for combined GPS/GLONASS observations using un-differenced ionosphere-free technique ( [2] and [3] ). Their results showed an improvement in the positioning accuracy by adding GLONASS observations to the kinematic PPP with a limited number of available GPS satellites. However, the results showed that the contribution of adding GLONASS satellites on positioning accuracy was not sufficient for the daily static PPP considering enough available GPS satellites with good geometry.
In this paper, the combination between GPS and GLONASS observations is investigated for kinematic applications, based on recent advances in PPP algorithms that implement both un-difference and between-satellitesingle-difference BSSD ionosphere-free linear combinations. Except GLONASS satellite clock products, the final precise GPS and GLONASS satellites clock and orbital products obtained from the multi-GNSS experiment (MGEX) are used herein ( [4] ). Three PPP solution cases are considered in this paper, namely GPS-only PPP solution, GLONASS-only PPP solution, and combined GPS/GLONASS PPP solution. The performance of the PPP accuracy of each case is assessed by comparing it with the carrier phase-based differential GNSS (DGNSS) solution.
GPS-GLONASS BSSD Ionosphere-Free Model
The un-differenced ionosphere-free combination of code pseudorange and carrier phases is the widely used PPP model ( [5] e Φ are relevant system noise and un-modeled residual errors; T is the tropospheric delay; λ are the wavelengths for un-difference ionosphere-free carrier frequencies; N is un-difference ionosphere-free ambiguity parameter; c is the speed of light in vacuum; and ρ is the true geometric range from the antenna phase center of the receiver at reception time to the antenna phase center of the satellite at transmission time. A and B are frequency dependent factors
Using Equations (1) and (2), the ionosphere-free linear combinations of GPS and GLONASS observations can be written as:
where GRsys is the time offset between GPS and GLONASS. After arrangements, Un-differenced ionosphere-free linear combination equations can be simplified to; 3 1
where IFCB is un-differenced ionosphere code bias, IFPB is un-differenced ionosphere-free phase bias, ISCB is inter-system code bias, IFBD r is a receiver un-differenced ionosphere bias code-carrier difference and IFBD s is satellite un-differenced ionosphere bias code-carrier difference. GPS satellite ( ) l and GLONASS satellite ( ) m are taken as a reference satellite for GPS and GLONASS satellites, respectively, to form between satellite single difference ionosphere-free linear combination; ( ) ( )
It can be clearly seen the receiver related biases and clock errors are eliminated by satellite single difference technique. However, in contrast with GPS, due to the dissimilarities between GLONASS satellites frequencies, receiver related bias residuals may be still exist refers to Frequency-channel biases. These biases, like un-differenced technique, will be lumped to the GLONASS ambiguities.
GPS-GLONASS PPP Measurements Filtering
Extended Kalman filter (EKF) is employed to process GPS and GLONASS measurements as presented in ( [6] ). GPS and GLONASS raw pseudorange and phase observations are processed to produce estimates of the EKF state vector. MGEX-IGS precise orbital and clock products are used to eliminate satellite orbit and clock errors. However, Due to the unavailability of GLONASS satellite clock product provided by MGEX for the test day, the traditional IGS GLONASS clock products are used herein. The UNB3 tropospheric model consisting of the Saastamoinen vertical propagation delay model and the Niell mapping function is used to account for the tropospheric wet and dry components ( [7] ). The effects of ocean loading, earth tide, carrier-phase windup, sagnac, relativity, and satellite antenna phase-center variations are rigorously modeled [8] . The estimation state vector consists of the three GNSS receiver positioning (latitude, longitude and altitude), receiver clock, GPS/GLONASS internal system bias and the float ambiguity parameters. Two mainly steps are applied on EKF, namely prediction step and update step which can be described as.
The prediction step:
The update step: 
Test Results and Analysis
A vehicular test was conducted to evaluate the performance of the developed combined GPS/GLONASS-PPP models. The test was carried out in the downtown core of Kingston, Ontario, on December 12, 2012 (DOY 347), under challenging scenarios for satellite navigation availability (Figure 1) . Trimble GNSS R10 receiver was employed to collect the kinematic GNSS observations. The positioning accuracy is assessed referenced to carrierphase-based differential GNSS (DGNSS) solution. In order to create this reference solution, a Trimble R7 GNSS receiver was setup at a station with precisely known coordinates, which was considered as a base station. The raw dual-frequency GNSS pseudorange, and carrier phase observations were collected at a 1 Hz rate. Figure 2 illustrates the GNSSPPP positioning accuracy for the un-differenced and the BSSD ionosphere-free PPP algorithms, respectively, for Kingston trajectory on DOY 347, 2012. Three GNSS solutions are considered, namely the GPS-only and GLONASS-only and, combined GPS/GLONASS PPP solutions. As can be seen, both un-differenced and BSSD ionosphere-free PPP algorithms show decimeter-level positioning accuracy. However, it can be seen that the accuracy of BSSD ionosphere-free model is better than that of un-differenced model of GPS-only PPP and GNSS-PPP while no significant improvements for GLONASS-PPP. This is attributed to the fact that each GLONASS satellite had different receiver biases due to the dissimilarities of satellites frequency, which cannot be completely canceled out using single satellite difference. Also, it can be clearly seen that the accuracy of GLONASS PPP solution is lower than that of GPS PPP solution. This is attributed to the lower number of visible GLONASS satellites compared with those of GPS. The positioning accuracy was improved by adding GLONASS observations in the combined GPS/GLONASS models. However, the solution improvement is not consistent over time and depends on the availability of sufficient number of GPS satellites.
To assess the positioning accuracy of the developed PPP models, Table 1 shows some statistical parameters, including the maximum, minimum, mean and root mean square errors (RMSE) for the various GNSS model combinations referenced to carrier phase-based DGNSS solution. By comparing the mean and the RMSE of all GNSS model combinations, it can be seen that the positioning accuracy is generally improved when GLONASS observations are added. Also it can be seen that the positioning results of BSSD model are more accurate than that of the traditional un-differenced model. 
Conclusion
The performance of combined GPS/GLONASS PPP model in kinematic mode has been investigated. Three GNSSPPP models have been considered, namely GPS-only and GLONASS-only and, combined GPS/GLONASS PPP. It has been shown that utilizing BSSD ionosphere model enhances the positioning accuracy generally in the standalone GPS and the combined GPS and GLONASS-PPP, while no significant improvements in the GLONASS-PPP is shown. GLONASS-PPP positioning solution shows that positioning accuracy is less than the GPS PPP due to the limited number of GLONASS satellites available compared with GPS. The results also clearly show the addition of GLONASS satellites observations generally improved the positioning accuracy compared to GPS only PPP.
